• Context Secondary Norway spruce forests in the Western Beskids are among the most damaged forests in Europe. Although spruce bark beetle (Ips typographus) has been recently causing large-scale damage to these forests, our understanding of I. typographus dynamics in this environment is inadequate for evaluating forest sustainability.
Abstract
• Context Secondary Norway spruce forests in the Western Beskids are among the most damaged forests in Europe. Although spruce bark beetle (Ips typographus) has been recently causing large-scale damage to these forests, our understanding of I. typographus dynamics in this environment is inadequate for evaluating forest sustainability.
• Aim This study aims to evaluate the patterns of damage caused by I. typographus to spruce forests with compromised ecological stability.
• Methods Forest infestation by I. typographus was inferred from sanitary felling data collected from 1998 to 2004. Stand and site data were obtained from forest management plans. Spatial-dependence analysis, ordinary kriging and neural network-based regression modelling were used to investigate the patterns of infestation and the casual relationships in the studied ecosystem.
• Results I. typographus long-distance dispersal substantially decreased with outbreak culmination. The spread of infestation was only weakly related to stand and site parameters.
Infestations spread isotropically at the stand and patch level but directionally at the regional scale.
• Conclusions The large-scale spread of infestation can be explained by the uniform age and species composition of the investigated forests and by the ability of populations to overwhelm suboptimal trees. The observations presented here suggest that secondary spruce forests in Europe may be unsustainable due to unprecedented bark beetle outbreaks, which can be further amplified by changing climate.
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Introduction
The spruce bark beetle, Ips typographus (L., 1758) (Curculionidae: Scolytinae), is widely distributed in the Northern Hemisphere and is the most important insect pest in Norway spruce (Picea abies [L.] Karst.) forests (Christiansen and Bakke 1988; Kausrud et al. 2011; Schelhaas et al. 2003) . Small I. typographus populations usually attack only stressed or damaged trees, while large populations are able to attack healthy trees and may act as primary mortality agents (Mulock and Christiansen 1986; Schroeder and Lindelöw 2002) . Stress resulting from mechanical damage, drought, disrupted nutrition, or air pollution is thought to increase tree susceptibility to bark beetles, and large-scale outbreaks can develop (Dutilleul et al. 2000; Økland and Berryman 2004) . I. typographus population dynamics are metastable, but diverse forests with good site-matching tend to be less susceptible to large-scale infestations than uniform forests growing in suboptimal conditions (Jactel and Brockerhoff 2007; Kausrud et al. 2011) .
In recent decades, extensive degradation of spruce forests (Picea spp.) has occurred worldwide (e.g. Führer 1990; Uniyal and Uniyal 2009 ). In Europe, spruce decline has been reported from Germany (Siefermann-Harms et al. 2004) , Austria (Tomiczek 1995) , Poland (Grodzki 2010) , Czech Republic and Slovakia (Hlásny and Sitková 2010) . These forests are prone to an array of diseases and pest organisms and may be particularly vulnerable to warmer and drier climate (Seidl et al. 2008) .
The role of dispersal in the spatio-temporal dynamics of I. typographus is generally not well quantified (Kausrud et al. 2011) , and it shows differences depending on environment and population size (Botterweg 1982; Klopcic et al. 2009) . In this paper, we analyse the spatio-temporal development of damage caused by the spruce bark beetle I. typographus to declining spruce forests in the Western Beskids Mts. (Central Europe), which have been subjected in the past to significant commercial overuse (Hlásny and Sitková 2010) . The relatively uniform age structure and composition of such forests provide a conducive environment for I. typographus dispersal, which has not yet been studied in depth. We hypothesise that uniform structure and poor site matching of investigated forests may allow for rapid development of large-scale I. typographus-induced damage (Jönsson et al. 2007; Netherer and Nopp-Mayr 2005) even in the absence of windstorms, which are the main triggers of I. typographus outbreaks (Økland and Berryman 2004) . We assume that the effect of stand and site characteristics on the infestation decreases with outbreak culmination (Raffa et al. 2008) and that infestation in low-diversity forests spreads more or less isotropically from the initial outbreak areas.
The purposes of this study are (1) to evaluate the patterns of forest damage caused by I. typographus to spruce forests with compromised ecological stability, (2) to investigate the relations between patterns of I. typographus dispersal and outbreak development (3) and to investigate how the infestation is controlled by stand and site characteristics. Finally, the consequences of the presented findings for forest management and for the future of secondary spruce forests in Europe are discussed.
Materials and methods

Study region
The research was conducted in the mountainous region at the Slovak-Polish-Czech border in the Western Beskids (Central Europe; the centre of the region is at 49°18′10″ latitude and 18°47′07″ longitude). The study region occupies 1,434 km 2 and has an elevation ranging from 300 to 1,100 ma.s.l. Even-aged spruce forests growing outside the range of spruce natural distribution dominate the region; this forest has been constituted during the last 400 years in response to a growing need for fuel wood and construction material and has replaced the original beech-fir forests (Hlásny and Sitková, 2010) . After Norway spruce (P. abies L. Karst), the main forest tree species are European beech (Fagus sylvatica L.), Scots pine (Pinus sylvestris L.), silver fir (Abies alba Mill.), and larch (Larix decidua Mill.).
No significant windthrows have occurred in the study region during recent decades, and annual amounts of wood damaged by wind have been relatively stable since 1972. Bark beetle populations in the study region were small and in a (meta)stable stage at least during the period 1973-1992 (Slovak Forest Protection Service, internal data). A largescale outbreak began in 1993 and persists to the present (2012). The entire study area has been intensively managed, and control measures have been regularly applied. The amount of sanitary felling has varied in time with peaks in 1995-1996 and 2003-2005 . Bark beetle populations were in an epidemic phase between these two peaks, when the amount of sanitary felling was several times higher than in 1973-1992, before the outbreak period. The infestation was mainly caused by I. typographus, Pityogenes chalcographus (L., 1761), Ips amitinus (Eichh. 1871) and Ips duplicatus (Sahlb., 1836) (Turčáni and Hlásny 2007) . Field surveys confirmed that I. typographus accounted for up to 95 % of the dead trees in the study region (Slovak Forest Protection Service, internal data).
Data description
The data used in this study were provided by forest owners/users as part of the annual reports that describe the amount of sanitary felling due to I. typographus for the period 1998-2004. The data are spatially referenced by forest compartments with a medium size of 4 ha. Throughout the study region, usually 90-100 % of trees that are killed/infested in one season are already salvaged by the beginning of the next season. The dense transportation network in the study region and legal regulations, including a system of penalties for unsalvaged infested trees, indicate that most infested trees are felled.
Investigation of I. typographus dispersal was based on the absolute amounts of felled volume (m 3 ), while geostatistical analysis and regression modelling were based on the ratios of felled volume to the total spruce volume in a stand (m 3 /m 3 ×100) ( Table 1 ). To facilitate geostatistical analyses and analysis of I. typographus dispersal, the original polygonal data (forest compartments) were transformed to point field, i.e. the amount of felling in a compartment was associated with a point located in the centre of the compartment. Given the size of the study region, no significant spatial information was lost by this transformation.
As used technique for regression modelling (Artificial Neural Networks) belongs to the data mining techniques, we collected all available variables, which can be supposed to affect stand susceptibility to I. typographus infestation without designating prior hypothesis on the effect of these variables. Mean spruce age in a stand, spruce proportion, stand vertical structure, stand density, mean stand DBH, spruce volume (m 3 ha −1 ) and proportion of broadleaved were obtained from forest management plans (National Forest Centre, Slovakia, internal data). Average slope, aspect, elevation and potential solar irradiation of compartments were inferred from an elevation model with spatial resolution of 10 m. Stand radiation and water regime were inferred indirectly from the composition of the herb layer at a stand (Forest Typology Maps, National Forest Centre, Slovakia, internal data). Climate characteristics were not used because few climatic stations are located in the study region and its surrounding and because elevation adequately represents the regional temperature pattern.
Analysis of Ips typographus dispersal
We investigated I. typographus dispersal based on the geographical occurrence of new infestations relative to previous ones (Byers 2000) . We designated a series of concentric rings around all forest compartments with reported felling in year y−1. Each ring was 150 m wide, and the outer edge of the largest ring was 1350 m from the position of felling. This is the approximate distance of the inter-annual dispersal of I. typographus (e.g. Weslien and Lindelöw 2006) , although the majority of beetles disperse <500 m (Botterweg 1982; Wichmann and Ravn 2001) . The felled volume in year y was determined for all rings (distance categories) constructed around the compartments with felling in year y−1. Next, the percentage of felled volume in each distance category relative to the total felled volume within the study region in each year was calculated; this value is referred to as the sectional percentage of felled volume. The total felled volume within a specified distance category, including all lesser-distance categories, is referred to as the cumulative percentage of felled volume.
The sectional percentages and cumulative percentages were plotted as a function of the distance for each of the following periods : 1998/1999, 1999/2000, 2000/2001, 2001/2002, 2002/2003 and 2003/2004 . The resulting plots were investigated visually and interpreted in relation to outbreak development.
Spatial dependence analysis and kriging
Variogram modelling techniques are frequently used for the analysis of spatial dependence, which is typical of many biological systems and which can be assumed to be present in I. typographus distribution. Variogram parameters such as range, nugget effect and sill have been described many times in the literature. The data analysed in this study exhibit so-called anisotropical behaviour, i.e. the variogram parameters depend not only on the separation distance but also on the direction. This kind of pattern can be described by the socalled anisotropy ratio, i.e. the ratio of variogram ranges in directions of highest and lowest variability. Two forms of anisotropy were present in the analysed data: geometrical anisotropy (which occurs when variogram ranges in direction of lowest and highest variability are different while variogram sills remain constant) and zonal anisotropy (which occurs when both variogram ranges and sills are different in various directions).
Kriging represents an interpolation algorithm that enables one to predict values at locations lacking data on the basis of available sample data (sanitary felling data in this study). In this way, maps describing the spatial distribution of the investigated phenomenon can be produced. Because the underlying data in the current study meet the assumption of stationarity and because univariate prediction is intended, ordinary kriging will be considered herein.
ISATIS v.6 (Geovariances and Ecole des Mines de Paris 2002) was used for all geostatistical analyses. 2.5 Infestation sensitivity to stand and site conditions
We used regression modelling to evaluate the effect of stand and site conditions on forest damage caused by I. typographus and to identify the factors that might cause possible anisotropies or other spatial patterns of infestation. The sanitary felling data (the percentage of felled volume relative to the total spruce volume in a stand, as described earlier) were used as the dependent variable, while selected stand and site characteristics were used as independent variables. Neural network-based regression modelling was used for the analysis, following the workflow described by Hlásny et al. (2011) . Regression models were designated independently for each year of the investigated period (1998) (1999) (2000) (2001) (2002) (2003) (2004) . Sensitivity analysis was used to indicate the relative importance of a given explanatory variable relative to the amount of felling. The sensitivity analysis used in this study iteratively "discards" an input variable and assesses the network error. The measure of sensitivity is the ratio of the error produced by a neural network with a missing variable relative to the original error yield with the full set of input variables. The more sensitive the network is to a particular input, the greater the deterioration expected, and therefore, the greater this ratio will be. Statistical analyses were run in Statistica Neural Networks v.10 (StatSoft Inc., 2004).
Results
Ips typographus dispersal
Analysis of I. typographus dispersal during 1998-2004 suggests that 1998/1999 was characterised by a high rate of dispersal and that more than 72 % of the infestation (percentage of infested volume out of all infested volume in the study region in a given year) in 1999 occurred more than 1,000 m from the previous year's (1998) infestations (Fig. 1) . In subsequent years, long-distance dispersal decreased remarkably. In 2000, 61 % of the infestation tended to be within 1,000 m of the infestation in 1999. The following years showed an even greater decrease in long-distance dispersal in that more than 87 % of new infestations occurred within 1,000 m of the previous year's infestation spots.
We describe the dispersal also in terms of the percentage of felled volume that was within the closest and beyond the utmost ring. Variation of dispersal in relation to outbreak development as indicated by the amount of infested and felled wood (Fig. 2) suggests that beetles dispersed over long distances mainly in the transitional period between the two outbreak peaks; dispersal was greatest in 1999. In contrast, dispersal was lowest at the beginning and during the culmination of the second peak (2001) (2002) (2003) (2004) .
Spatial patterns of infestation
Investigation of the degree and orientation of spatial dependence of infestation suggested the presence of large-scale pattern that developed over time. The variographic analysis indicated that the direction of maximum continuity of infestation was 51°(clockwise) in 2000 and that this angle slightly deviated from the angles observed in 2002-2004 (Fig. 3a) . No anisotropical pattern was evident in 2001 (Fig. 3b) . The most distinctive pattern was the geometrical anisotropy in 2002, 2003 and 2004 (Fig. 3c-e) . The longer axis of anisotropical ellipse (indicating direction of highest continuity) passed during this period at an azimuth of about 30°. The longer ranges of spatial dependence reached 18, 28 and 24 km, respectively. The anisotropy ratio increased over time and was 2. Fig. 4f .
At distances from 2 to 5/km (depending on year), empirical variograms are not separated, which suggests isotropy at smaller scales (stand or patch scale).
Ordinary kriging-based maps indicated that the spatial pattern of infestation was patchy, concentrated on several foci in 2000 (Fig. 4a) . The pattern was the same in 2001-2002, when the highest intensity of infestation was in the south-central region (Fig. 4b, c) . Between 2002 and 2003, the infested volume doubled, and the spatial distribution changed to continuous areas of intense infestation with strong spatial anisotropy (Fig. 4d) . In 2004, the volume of infested trees tripled relative to 2003, which again resulted in a visible anisotropical structure. The outbreak reached a maximum, and the entire central part of the study area was heavily infested (Fig. 4e) .
Ips typographus infestation in relation to stand and site parameters
Pearson's correlation coefficients (R) between reported values and neural network-predicted values of sanitary felling (m 3 /m 3 ×100) suggest that the designated models have relatively low performance (Table 2) . Unequal magnitude of R between training, testing and validation sets also indicate poor performance of the models. Values of R were The sensitivity analysis (Table 3) indicated that most of the explanatory variables in all years had sensitivity scores near 1.000, which suggests that the variables had no effect on the infestation. In most years, sensitivity scores were higher for stand age and spruce proportion in a stand than for the other explanatory variables.
Discussion and conclusions
In this study, we have attempted to describe the spatial and temporal patterns of damage caused by I. typographus to declining spruce forests in the Western Beskids Mts., which are among the most damaged forests in Europe. This region differs in some respects from other environments where bark beetles have been studied mainly because of the presence of spruce monocultures that were artificially planted for several generations for commercial purposes. In addition, several periods of forest decline have occurred in this region in recent decades (Hlásny and Sitková 2010) , which indicates that the ecological limits for spruce persistence may have been exceeded.
Methodological comments and limitations
The suitability of sanitary felling data for the presented analyses can be questioned, and such data have been used only infrequently for the investigation of forest disturbances (e.g. Økland and Berryman 2004) or hazard rating (e.g. Netherer and NoppMayr 2005) . Presented results indicate, however, that sanitary felling data can be valuable because of their stand-based localisation, quantitative scale and applicability for temporal analysis. Given the legislation and control system in the region of the current research, including a system of penalties for unsalvaged infested trees, we assume that most of the infested trees were felled and recorded. A complete data set is, however, not a prerequisite for assessing presented dispersal and damage patterns. The described geostatistical methods enable the proper assessment of such patterns using sample data. The analysis of I. typographus dispersal in relation to population size assumes that the volume of infested trees can be used as proxy for population size; such estimates are often based on pheromone trap data (Kausrud et al. 2011) . Although no experiment has demonstrated a relationship between infested wood volume and I. typographus population size in the study region, Lindelöw and Schroeder (2001) , Faccoli and Stergulc (2004) suggest that there is a tight correlation between the number of trapped beetles and infested Removal of infested trees can substantially affect the size and distribution of bark beetle populations (Jönsson et al. 2012; Wichmann and Ravn 2001) , and it follows that the observed patterns should be thought of as generated under a management system involving the permanent removal of infested trees. Because sanitary felling relates to stand or sub-stand scale, such interventions could mainly affect infestation response to stand and site characteristics as well as contribute to small-scale variability of infestation in the presented variograms (nugget effect). In contrast, if sanitary measures had significantly controlled population growth, we would have expected a fragmented pattern of infestation at the regional scale; this was not the case and the presented variograms showed high degree of spatial continuity at larger distances.
Main findings and recommendations
Dispersal patterns
Successful colonisation of host trees by beetles is a result of complex interactions between the density of attacking beetles and host physiology and the host's subsequent ability to defend (Nelson and Lewis, 2008) . We argue that the observed changes in I. typographus dispersal were related mainly to the changes in its population density, which was approximated based on the volume of infested trees. The presence of homogenous stands growing in suboptimal conditions and results of regression analysis imply little difference in stand's resistance to infestation. The observed dispersal patterns suggest that I. typographus population size exceeded the threshold for successful attack of most trees in the region after the first 2 years of the investigation. Subsequent attacks tended to be less selective, and search distance decreased remarkably. In addition, control of stand and site condition over the infestation was weaker in this period as compared with the first 2 years of the investigations as was indicated by correlation coefficients between observed and predicted values. The resulting concentrated and intensive infestation along with dead tree removal further amplified the vulnerability of the spruce forest by generating new forest edges and by opening the canopy, which increases stand susceptibility to bark beetle attacks (Lobinger and Skatulla 1996) ; this can be supposed to further reduce the long-distance dispersal.
We infer that the long-distance dispersal from the initial infestation areas was triggered by resource depletion after the first outbreak peak (1995) (1996) (1997) (1998) (1999) and that this long- The largest sensitivity scores in each year are in italics.
distance dispersal was supported by the availability of a large number of trees distributed over the region that were susceptible to attack. Our observations agree with Jakuš et al. (2003) , who found that long-distance dispersal occurred mainly during the first stage of outbreak in the High Tatra Mts. (Central Europe), when beetles migrated over long distances to locate new food sources. The subsequent short-distance dispersal at the beginning and the culmination phases of the second peak (2001) (2002) (2003) (2004) in the current study could be associated with the increased abundance of I. typographus and the consequent increase in beetle's ability to attack more resistant trees (Kausrud et al. 2011; Schroeder and Lindelöw 2002) . Similarly, Botterweg (1982) and Wichmann and Ravn (2001) found that under epidemic conditions, the likelihood of infestations around old infestations decreases sharply beyond 100 m; between 500 m and 1 km any local relationship between old infestations and subsequent tree mortality is absent. Observed nonlinear response of dispersal to outbreak development ( Fig. 2 ) corresponds with Botterweg (1982) , who suggested that there seems to be no linear link between density and long-range dispersal of I. typographus. We argue, on the basis of the presented findings, that the principle of I. typographus dispersal in relation to population density in the investigated spruce forests is approximately the same as has been reported from other environments.
Spatial patterns of infestation
Analysis of the empirical variograms presented in this study indicates isotropical spread at shorter distances and directional spread at larger distances. This means that at the level of stands, I. typographus spread isotropically, and there were, on average, no significant differences among stands in their resistance to infestation. At the regional scale, however, some large-scale processes resulted in greater spread in the northeast-southwest direction than in the perpendicular direction. The cause of this anisotropy is unknown. As indicated by the presented maps, the area of infested stands rapidly expanded from a few initial infestation areas as beetles dispersed to reach new food resources. In addition, occupation of these stands was probably supported by growth of local populations. Although the trade-off between these two processes cannot be estimated (Byers 2000) , the observed patterns of infestation indicate the dominance of large-scale spread from the initial spots. Such spread is likely to occur in monocultures because of lack of barriers (such as zones of non-host tree species or zones differentiated by spruce age or genetic structure) that prevent or slow I. typographus dispersal.
Although the spatial development of outbreaks is difficult to predict (Wermelinger 2004) , based on this information, forest managers are advised to increase the intensity of forest protection measures in those stands in the path of more intensive spread. Although such information is region-specific, the presented use of geostatistical tools for the exploration of patterns of I. typographus-induced damage to forests should be broadly applicable.
Effect of stand and site conditions
Based on the results of the regression modelling and geostatistical analyses, we argue that I. typographus dispersal and subsequent infestation were little influenced by stand and site parameters. Among these parameters, stand age and spruce proportion in a stand were the most influential albeit weak variables. This follows that lower concentration of food resources may prevent pests from building up their populations (Jactel and Brockerhoff, 2007) and non-host trees may provide barriers to host location or colonisation; and that trees with bigger diameter are preferentially attacked (Göthlin et al. 2000) . In fact, tree species composition and stand age are important predictors in bark beetle hazard rating models such as PAS (Netherer and Nopp-Mayr 2005) .
On the one hand, these findings may not be useful for forest management because they only confirm generally recognised facts regarding I. typographus food preferences (Christiansen and Bakke 1988; Wermelinger 2004 ) and do not enable the identification of vulnerable stands. In addition, intensive removal of infested trees might hinder the interpretation of such response because canopy opening increases stand susceptibility (Lobinger and Skatulla, 1996) , and this effect may mask the inherent effect of stand and site condition. This also suggests that sanitary felling data may have limited usefulness for the parameterisation of hazard rating models under high population densities. On the other hand, these findings indicate that the allocation of forest protection measures should be based on the observed principles of horizontal spread rather than on the rating of stand hazard, and that, under epidemic conditions, the perspective of forest management should shift from the stand to the regional scale.
Final remarks
The observations presented here, along with the unprecedented I. typographus outbreaks observed worldwide (Schelhaas et al. 2003) , indicate the need for a radical and near-term decrease in the extent of secondary spruce forests. The approximate area covered by secondary conifer forests in Europe was estimated to be between 5.7 and 7.3 mill. hectares (Seidl et al. 2008) . These forests should be converted to forests with tree species that are better suited to the sites with more diverse stand structure (Hlásny and Sitková 2010) . Maintenance of stand diversity and introduction of broadleaved species should increase resistance to windthrow and bark beetle attack (Griess et al. 2012) and secure the sustainable provision of ecosystem functions, goods and services. Anticipated changes in climate will likely amplify the vulnerability of secondary spruce forests growing in suboptimal sites because of increased impact of biotic agents and adverse effect of drought, the factors which are expected to be more pronounced in Central Europe in the future (Lindner et al. 2010) . The very large amounts of timber infested by I. typographus in Europe after the heat wave in 2003 (Rouault et al. 2006) demonstrates the unsustainability of such forests.
